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Rapid synthesis of graphene quantum dots using a continuous hydrothermal flow synthesis approach † Suela Kellici, * a John Acord, b Nicholas P. Power, c David J. Morgan, d Paolo Coppo, e Tobias Heil f and Basudeb Saha a A rapid, continuous, environmentally benign and innovative approach is employed for the synthesis of green fluorescent graphene quantum dots (GQD) with low cytotoxicity by utilising a Continuous Hydrothermal Flow Synthesis (CHFS) process as an efficient cutting tool in combination with calix [4] arene tetrasulfonic acid (SCX4) as an effective particle size limiting agent.
Unlike other carbon forms, graphene is a unique twodimensional single layer of sp 2 carbon in which the atoms are arranged in an hexagonal lattice. 1, 2 The properties of graphene are revealed when layers of graphite are reduced to give a single sheet of carbon atoms as one the thinnest materials ever made. 3 Graphene is a zero bandgap material (due to the overlap of valence and conduction bands), and as such it is not expected to show any luminescence. 4, 5 However, it interestingly exhibits an innite exciton Bohr radius when "cutting" or fragmenting the graphene sheets into particles smaller than this radius (typically below 20 nm) resulting in graphene quantum dots (GQD). 6, 7 Consequently, GQD show fascinating physical and chemical properties such as high stability and luminescence on excitation, which is assigned to pronounced quantum connement and edge effects. 8 Additionally, the bandgap can be tuned by changing the size (which generally increases when the GQD particle size decreases) and surface chemistry of the GQD. 4 Therefore, excellent optical properties combined with low cytotoxicity render these materials as candidates for applications in biological tagging, 9 bio-sensing 6 and in photovoltaic devices. 10 Current methods for producing graphene quantum dots involve top-down and bottom-up approaches, both of which are demanding in terms of time, materials and energy. The bottom-up routes include solution chemistry 11, 12 or carbonization, and are relatively complex procedures that utilise exotic precursors (e.g. synthesis of hexa-peri-hexabenzocoronene) and/or use signicant quantities of organic solvents (e.g. chloroform) generating large volumes of waste. 13 Moreover, GQD from these processes are inferior and generally exhibit poor solubility. The top down routes have more advantages including higher solubility and reported techniques involve hydrothermal cutting, 14 electron beam lithography, 15 electrochemical exfoliation 16 and surface passivating agents. 17 However, many of these methods can be time-consuming (up to 32 h), multi-stepped (e.g. involving the oxidation of graphene in concentrated acid (12 h) followed by ultrasonication (12 h), heat-treatment and re-dispersion of the powders in water) 18 and with limited control over particle properties such as size and size distribution of the GQD. In this context, it would be highly desirable to have a more efficient top-down rapid and greener approach for synthesis of GQD, which allows a greater degree of control of the process parameters and hence particle properties, as well as having potential for a more environmentally benign and continuous production of large scale quantities of GQD.
Continuous Hydrothermal Flow Synthesis (CHFS) involves mixing continuously a stream of supercritical water with a stream of water soluble precursor(s) for the rapid, controlled and green manufacture of a diverse spectrum of nanomaterials for a broad range of applications. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] For instance, utilising this route we have recently reported the synthesis of high quality reduced graphene oxide (rGO) from GO and KOH, and Ag-GO nanocomposites from GO, KOH and AgNO 3 in single rapid steps, which were noted to have antibacterial activity. 25 Hence, we postulate that utilising a rapid continuous hydrothermal environment in combination with an effective particlesizing agent, this could facilitate the efficient hydrothermal cutting of graphene oxide to GQD, control particle size and consequently optical properties, whilst demonstrating an efficient, low cost, continuous, reproducible and readily scalable green synthetic procedure.
As such calix[n]arenes (typically, n ¼ 4, 6, 8) , and in particular the water soluble p-sulfonic acid calixarene derivatives, would be a suitable candidate as a molecular tool to control particle size. Calixarenes of interest are typically cavity-shaped, a consequence of their cyclic arrangement of [n] phenol molecules linked via methylene bridges with their 3-dimensional cavity arrangement maintained via intramolecular hydrogen bonding of the hydroxyl groups. The water soluble p-tetrasulfonic acid-calix[n]arenes with their inherent supramolecular properties and biocompatibility 30 have seen diverse development and utilisation in biological applications in sensors and receptors, 31 assays, drug delivery vesicles, 32 protein mapping and crystallisation agents, 33 as well as applications in catalysis, 34 inclusion and crystal engineering. 35 Herein, we report a new approach using supercritical water and p-tetrasulfonic acid calix [4] arene (SCX4) to make GQD from GO with tuneable physical properties. This process has many advantages: it does not utilise a complex and lengthy process, nor is it potentially explosive and it limits the use of harmful or toxic reagents, while effectively reducing the reaction time to a few seconds. The scheme for the synthesis of GQD is shown in Fig. 1a .
In this process (schematic of which is shown in Fig. 1b ), the pre-mixed aqueous solution of GO (made via Hummers method from graphite, ESI †) and SCX4 (ESI †) was pumped to mix with a ow of KOH at room temperature at a T-junction ('T'). This mixture was then brought into contact with supercritical water (450 C, 24.1 MPa) in a counter-current 'Reactor', whereupon the formation of GQD occurred. To investigate the inuence of SCX4 on the physical and optical properties of the GQD, the concentration of SCX4 was varied from zero (Sample Control), to a factor of 1-fold (Sample A), 3-fold (Sample B), 5-fold (Sample C) and 10-fold (Sample D). All other experimental conditions were kept constant. It was observed that the GQD as-prepared were readily water dispersible due to the presence of SCX4.
Transmission Electron Microscopy (TEM) images (Fig. 2) for the "Control" sample revealed a mean particle size (4.3 AE 0.8 nm) along with a broad particle size distribution. Contrarily, for GQD where SCX4 was employed, the TEM imaging indicates smaller particle size and narrow particle size distribution (Sample A: 3.1 AE 1.0 nm, Sample B: 2.7 AE 0.3 nm, Sample C: 2.1 AE 0.6 nm and Sample D: 1.79 AE 0.4 nm) proving that SCX4 limits the growth of GQD by acting as an efficient particle control agent during the cutting/fragmentation process.
In order to determine the changes in the chemical states of all synthesised GQD and SCX4, X-ray photoelectron spectroscopy (XPS) analysis was employed (see Fig. 3a ). As we previously reported, 25 the hydrothermal process is effective in dehydrating/ reducing GO. Indeed, the deconvoluted C(1s) XPS spectra of GQD made hydrothermally revealed signicantly reduced peak intensities of the oxygen-containing functional groups (epoxide, carboxyl and hydroxyl) which are associated with GO (starting material). For SCX4 there is a peak of similar energy $286 eV, which is assigned as the C-SO 3 bond. It has been reported that SCX4 functionalised onto GO via (a) non-covalent p-p interactions (as a result of adsorption of benzene rings present in SCX4) and (b) hydrogen bonding interactions between hydroxyl groups of SCX4 and oxygen functional groups of GO. 31a,b, 36 Elemental analysis results (Table S1, ESI †) indicate that the GQD are mainly composed of carbon, oxygen and sulphur. An increase in sulphur content was observed from 0.51% (control), 2.01% (Sample "A"), 2.82% (Sample "B"), 3.94% (Sample "C") and highest elemental composition of 5.94% for Sample "D", which has the highest nominal SCX4 concentration. This strongly suggests SCX4 has been successfully attached to the graphene and is further supported by FTIR spectroscopy of the samples (Fig. S2, ESI †) , revealing the presence of bands located Fig. 1 Schematics of (a) the synthesis of graphene quantum dots (GQD) from graphene oxide (GO) using calix [4] arene tetrasulfonic acid (SCX4). (b) CHFS reactor utilised for the synthesis of graphene quantum dots. Key: P ¼ HPLC pump, T ¼ tee junction, BPR ¼ back pressure regulator, GQD ¼ graphene quantum dot, SCX4 ¼ CX ¼ calix [4] arene tetrasulfonic acid. Paper at 1164 and 1047 cm À1 which can be assigned to the SO 3 groups of SCX4, also found in pure SXC4. 31 As expected, these distinct peaks are absent in the "control" sample. Additional bands located at 2914 cm À1 (C]C-H stretch), 1351 cm À1 (>COOsymmetric stretch) and 1614 cm À1 (>C]C, skeletal vibrations of graphitic domain or adsorbed water) are also evident. 37 These bands are more prominent in the "control" sample. The band located at 3452 cm À1 (>O-H stretch) diminished in GQD functionalised with SCX4 samples, where a signicant reduction in the peak intensity of 1351 cm À1 band (>COO-symmetric stretch) is also observed.
TGA evaluation reected both the thermal stability of the SCX4 functionalised GQDs and the load bearing of GQD for SCX4 when compared to the "control" sample. The signicant increasing weight loss, (Fig. 3c) , observed in the region 350-650 C for Samples A, B, C, and D can be attributed to SCX4 decomposition (4, 6, 24 & 37% respectively). For Sample D, the SCX4 decomposition approximates to 1 calixarene per 128 carbon atoms. Furthermore, the sulphur atom content (5.94%) from XPS analysis of Sample D stated earlier is complimented by the estimation of the SCX4 to carbon ratio derived from TGA analysis which approximates to 5.6%. This density of calixarenes on the GQD is encouraging, as it may allow for future facilitation and development in supramolecular recognition properties.
The location of calixarenes on the GQD, based on the Lerf-Klinowski model, is expected to be edge aligned where one of the SCX4's phenol moiety has formed an ester linkage with the GQD edge carboxylic groups under CHFS conditions, and is consistent with XPS data for the C3/C4 ratio, suggesting that the carboxylic moiety has been consumed and replaced by another carbonyl moiety. This is in contrast to our previously reported system for Ag-graphene nano-composite synthesis where the calixarene derivative (SCX6) had no evident impact on the sizing of rGO sheets, 25b a likely consequence of SCX6 being subsumed into its roles as both a silver ion stabiliser in solution and as a reducing agent (alongside that of the phenolic moieties on GO) of Ag + into Ag nanoparticles on rGO sheets.
Raman spectroscopy lends further insight to study the structure and defects on the carbon structure of GQD and to conrm the presence of SCX4 (see ESI †). In all samples, with the exception of the control sample, characteristic peaks of SCX4 were noticed. Furthermore, the characteristic D band (A 1g vibrational mode located at ca. 1325-1350 cm À1 ) attributed to the local defects/disorders (found at the edges of graphene sheets) and G bands (E 2g vibrational mode of the C-C bond stretching located at ca. 1580 cm À1 ) assigned to the sp 2 graphitized structure, are also observed. Generally, smaller I D /I G peak intensity ratios correspond to lower defects/disorders. 25 This trend is reected in the values of 1.019 (Sample A), 0.182 (Sample B), 0.170 (Sample C) and 0.112 (Sample D) conrming the reduction of defects with increased SCX4 functionalisation onto GQD.
Further characterisation by UV-Vis spectroscopy (Fig. 3b ) of pure SCX4 shows p-p* transitions centred at ca. 278 and 284 nm, whereas the peak located at ca. 280 nm may indicate the presence of SCX4 in GQD. However, as expected there is no SCX4 corresponding peak observed for the "Control" sample, which showed an absorption band at ca. 270 nm, that is consistent with values reported in literature, 38 conrming that SCX4 has been introduced onto GO.
Photoluminescence (PL) spectra (Fig. S6, ESI †) for the aqueous solutions of GQD samples translated to 2D excitationemission contour map of GQD compounds are shown in Fig. 4a -e. A bright green uorescence is noted upon excitation at 365 nm for GQD (inset Fig. 4e ). The GQD showed tuneable excitation behaviour upon excitation at 360-440 nm range. The maximum excitation wavelengths of GQD materials are: 360 nm (Control), 380 nm (Sample A), 420 nm (Sample B), 400 nm (Sample C) and 420 nm (Sample D). Unlike other GQD materials, Samples B, C and D exhibited a greater excitation independent prole (when excitation wavelength was varied from 380-440 nm).
It has been reported that PL properties of GQD are dependent on parameters such as particle size distribution (different particle sizes in the materials) and different surface defects. 4, 8 Indeed, the TEM images indicate that Samples B, C and D exhibit a smaller particle size and particle size distribution, whereas the samples control and A are not very uniform and exhibited a broader particle size distribution. Therefore, excitation-independent behaviour for samples with higher content of SCX4 is assigned to their narrow particle size distribution. From these results, it can be concluded that SXC4 in combination with hydrothermal cutting are important factors in determining the physical and optical properties of these quantum dots as well as their inherent surface defects. The quantum yield values for GQD as stable water suspensions are 2.47% (Sample A), 4.10% (Sample B), 3.61% (Sample C), 3.43% (Sample D) and negligible value for control sample. Whilst we suggest that SCX4 affects the properties of GQD occurring during the hydrothermal fragmentation of graphene sheet, a control reaction in the presence of 4-hydroxybenzenesulfonic acid (a simple aromatic having both SCX4 substituents) also demonstrated (see ESI †) that macrocyclic/ supramolecular nature of the SCX4 plays a role. This sample exhibited negligible quantum yield of photoluminescence.
Cell cytotoxicity experiments: To determine the toxicity of the GQD against eukaryotic cells, the macrophage cell line RAW 264.7 was incubated with these compounds and controls at various concentrations for 24 h. An MTT assay was performed to determine cell viability and the results reported as % viability (MTT value of cells with compound/MTT value of cells without compound Â 100) (Fig. 5 ). The GQD control had no signicant effect on cell viability, whilst SCX4 does adversely affect cell viability at concentrations >125 mg mL À1 . For GQD Samples A and B (1 : 1 ratio and 3 : 1 ratio of SCX4 : graphene in synthesis) toxicity is reduced compared to SCX4 alone. However, the Samples C and D (generated using 5 and 10 times as much SCX4 as Sample A respectively) show higher toxicity than SCX4 at all concentrations tested.
The reduction in toxicity for Samples A and B can be explained as due to the fact that GQD are lightly decorated with SCX4 compared to Samples C and D. However, for Samples C and D it is expected that toxicity of these compounds should be no worse than for SCX4 alone, as they must, given the same concentration, contain less SCX4. Yet this does not appear to be the case as the GQD are highly decorated with SCX4, and thus each GQD could represent a locally increased concentration of SCX4 when interacting with the cells compared to that provided by the solution of SCX4 alone. This may explain the increased toxicity of Samples C and D when compared to SCX4.
In summary, an innovative, rapid and environmentally benign synthetic process for making calixarene functionalised GQD with tuneable physical properties is demonstrated. The degree of PL can be controlled by tuning the level of calixarene assisted fragmentation and functionalisation onto graphene. These materials have potential to be utilised in a broad range of applications including photovoltaics, biological and light emitting devices. Furthermore, this work has potential for the continuous production of large scale quantities of GQD.
